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Bridge voltage, m v.
Strain gage factor
Pressure, psia

Stagnation pressure, psia

Spherical coordinates °
Circumferential distance, in,

Time, secs.

Strain gage signa} due to stress, m.v.

°F

Temperature,
Initial temperature, Op

Stagnation temperature, °F

Instrument number prefixes, stand for "thermocouple"

and "strain gane", respectively

Unit change of resistance of strain gage

Strain, micro-in./in.
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I. Abstract

This report presents the results of pressure, tem-
perature and sirain measurements on three hemispherical nose
cones tested and ablated in the Polytechnic Institute of
Brooklyn hypersonic tunnel. The shrouded model technique, des~-
cribed in Ref. 1., was used.in all tests. Wind tunnel‘stagna-
tion pressure was maintained at a nominal value of 150 psia,

-

and stagnation temperatures varied from 1650 °R to 1900
The foregoing test conditions correspond to Mach numbers in the
range of 15 to 20, at altitudes of from 60,000 to 70,000 feet.

ALl TNTee muueis were rapricated from cast aluminum
alloy 356 T-6, and all modeis had outside diameters of 7-3/4
inches. Two models were l=inch thick, and the third had a 1/2-
inch thickness. Ablation of the surface material was allowed to
occur in all tests.

A complete presentation of the data is given in the

form of tables, graphs, and photographs.
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. If. Introduction

. In Ref. 2, the data obtained on pressure and tempera-
ture measurements of a hemispherical nose cone in the hypersonic
tunnel of the Polytechnic Institute of Brooklyn were presented
for four different combinations of tunnel.stagnation conditibns.
This nose cone, designated model 1 in the present report, was
made of type 304 stainless steel, had a 7—3/4 inch outside di-
ameter, and was one inch thick. The purpose of the tests was
to obtain the the;mal and aerodynamic loads on the hemispherical
configuration with a view to applying this information to ana-
lytical studies of transient heat conduction phenomena, and to
help formulate techniques for the structural analysis of bodies
subject to hypersonic flight environments. The tests on model 1
were the first in a series of tests of an experimental program
involving at least a dozen hemispheres with identical external
configurations which would be ablated and on which strain meas-
urements would also be undertaken.

The present report gives the results of a second test
series involving three hemispherical models. The policy of dis-
seminating the experimental data as they become available, star-
ted in Ref. 2, is continued in this presentation. Evaluation of
the data in order to obtain heat transfer zoefficients and
strains, heat conduction studies, together with other topics,will

be the subjects of future reports. A two—-dimensional transient




heat coAduction analysis, based upon the data in Ref. 2, may be
found in Ref. 3.

The present report may therefore be considered a cgpn-
tinuation of Ref. 2, to which frequent reference,will be made.
Details of the instrumentation, testing techniquei data reduc-
tions, and other experimental considerations will be given only
when they are different from, or are not undertaken in, the
tests on the first model. *

The authors gratefully acknowledge the assistance of

Messrs. Lawrence D. Brown and Richard F. Parisse for their con-

tribution in the preparation of this report.
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III. Models and Instrumentation

Three hemispherical models were tested in the cufrent
phase of the experimental program. These models, designated by
the numbers 2, 3, and 4, were identical with respect to the ma-
terial of construction and external configuration. Models 2
and 3 were one-inch thick, but model 4 was 1/2—inch thick. Ma-
terial of construction, geometry, and type of instrumentation
for each model are given in Table 1.

In choosing the material for these models, a simple
material which would melt (and ablate) within the stagnation
temperature capability of the hypersonic tunnel was desired.
Pure aluminum, with a melting range between 1700 to 1830 °r ap-
peared to be a promising material inasmuch as tunnel stagnation
temperatures over 2000 °R could be realized practically. Because
of difficulties in procuring pure aluminum in the required sizes,
it was decided to select a cast aluminum alloy. Alcoa alloy 356,
heat treated to the T-6 temper, offered a yield stress of ap-
proximately 22,000 psi, and hence a reasonable elastic range.

Its nominal composition consists of 7% silicon, 0.3% magnesium
and approximately 93¥ aluminum.

Model 2, the first of these cast aluminum alloy hemi-
spheres, was equipped with four pressure taps, nine strain gages,
and 29 thermocouples. Pressure taps were included as part of
the instrumentation of this model in order to check the aerody-

namic loads obtained on the hemispherical stainless steel nose
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cone model 1 (Ref. 2). High Temperature Instruments Corpora-
tion wire resistance strain gages, designated HT-600, were in=-
stalled at nine points on the inner (insulated) surface. These
strain gages were supplied with individual iron-constantan
thermocouples. Twenty additional thermocouples were located at
various points throughout the model, bringing the totai number
of fhermocouples to £kenty-nine. Fig. 1 shows the location of
the various instruments graphically; Table 2 gives the coordi-
nate values, and the orient ation of the strain gages.

Details of'the method of installing the pressure taps
and thermocouples are given in Ref. 2, and will ot be repeated
here. The only noteworthy difference is the use of aluminum
rather than stainless steel for the pressure tubing and the fix~
tures for the themaouples. The technique of strain gage in-
stallation is outlined below.,

The inner surface of the model was prepared in accor-
dance with "Tatnall Measuring Systems Company Bulletin IB-6101".
Gages were bonded to the surface at the designated positions
with TMS Type H high temperature cement. All gages were cemented
and cured to 300°F for four hours before lead extensions were
attached. After this preliminary cure, lead extensions of
0.0031 X 1/8 inch glass insulated nichrome ribbon were welded
to the strain filament leads in the conventional three wire con-
figuration which provides compensation for lead wire resistance

change with temperature variation. Lead extensions were fixed




6.

to the inner surface of the model with TMS type HA cement for a
length of three inches, and beyond this length they were an-
chored by 1/2 inﬁh wide strips of No. 27 Scotch electrical tape
at two inch intervals.

Thermocouple extensions of 30 gage double glass insu-
lated iron~constantan thermocouple wiré were welded to the ends
of the thermocouples embedded with the g;ges and anchored to
the inner surface ®of the specimen in the same manner as the
gage extension leads.

All extension leads were brought to the center of the
open end of the model where they were collected, together with
thermocouples and pressure lines, to form a single cable which
was run out from the model mount to recorders.

The fully instrumented model was baked for four addi-
tional hours at 300°F to complete the cement cure.

Model 3 instumentation is presented in Fig. 2 and Ta-
ble 3. Note that this model is identical in geometry with Mo;
del 2. There are no pressure taps nor surface thermocouples on
Model 3 in order to avoid interference of the instrumentation
with the surface ablation of the model during the test run.
Another important difference in the instrumentation of this mo-
del ié the use of HT-1200 strain gages manufactured by the same
- firm producing the HT-600 gages. Attractive features of the
HT-1200 gages, among others, are the linear responses to the

temperature variation under stress~free conditions, and the uni-
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formity in performance of strain gages from the same lot.
A
Model 4 is 1/2 inch thick and, as will be noted by

*

referring to Fig. 3 and Table 4, all instruments are located

on the insulated surface.




IV. Description of Tests

The hemispherical nose cone models were tested in the
shroud rig of the hypersonic tunnel which is described in Ref.
1. A schematic sketch of the model in the shroud tube is shown
in Fig. 4.

Minneapolis-Honeywell strip chart recorders were used
to records the temperatures, pressules, and slrain=gage signa.s
as a function of time. Recorders were also used for the tunnel
stagnation pressure and temperature conditions, and to monitor
several temperatures at various points in the wind tunnel. The
paper speed was 1/3=inch per second for all recorders.

About thirty seconus before the start of the test all
recorders were switched on simujtaneously and checked to insure
that they were running and writing. The pebble bed heater tem=
perature and pressure were adjusted to obtain the desired’stag-
nation prescurce and temperature conditions. At the signal to
start., the nozzle piug valve was opened. The transient period
in which the air flow becéme steady lasted approximately two to
three seconds. The cut-off cignal was given when some ablation

of the surface had occurred. Simultaneobusly all recorders were

encrgized to drive the writing pens tc one cnd of the scale in

order to assist in establishing the time scale on each chart

for data reduction purposes.

LR



V. Reduc+ion of Data

a. Jemperatyres *

All recorders measuring the output of the thermo-
couples mounted on the models were calibrated to correspond to
1500°F temperature rise for a full scale deflection of 100 di-
visions. Thus each division corresponded to 15°F temperature
rise. 'The zero setting of the recovders was set at 5 divisions.
Inasmuch as the model ini%tial temperatures were within a few de-
grees of 75°F, zero on the recnrder scule was taken as OOF, and
the temperature at any time was obtained by observing the re-
corder scale reading and multip.iying by the calivration constant
of 15°F per division. Admittedly, the non=linearity of the
thermocouple output.would introduce some inaccuracy. Consider-
ing the overall accuracy of the recorders (about 1% of full
scale) and the immcnse simplification of data reduction, it was
felt that this procedure was justified. An accuracy of the
‘“temperatures of + 1% of fuli scale, or % 15%F appears conserva-
tive in view of the excellent data obtained, but it can be taken
as a nominal value.

The tim? scale was established with little difficulty
due to the high conductivity of the aluminum alloy and the ap-
parent uniformity of the nominal speed of all recorders. Time .

L = C was easily fixed, even for the buried thermocouple instal-

lations, because of the sharp change in slope of the trace at



the time the hypersonic wind tunnel was stérted. Measurements

. made of the distance from the point taken as t = 0 to the refer-
ence mark made at tunnel cut-off corresponded to periods of time
which did not v;ry by more than one second in the two 83 second
test runs, and 1/2 second in the 30 second test run on Model 4.
The time scale is thus considered to be within + 1/2 second of

the values given in the tables and graphs. .
b. Pressures

Only one of the three models tested was equipped with
pressure taps. The pressure tap tubing was connected to Statham
pressure transducers. and then the trarsducer output was im-
pressed on the input terminals of a recorder. There was no dif-
ficulty in establishing the time scale for the pressure records.
Accuracy of the data is estimated at + 1% of full scale.

¢. Strain Gage Dat3a

The strain gages responded almost instantaneously to
the aérodynamic loadingy, thus time t = O was easily established.
From the temperature-time records of the thermocouples, elther
embedded with the gages or from thermocouples on the insulated
sufface at the same latitude, the strain gage output in milli~-
volts could be obtained as a function of the temperature. Labo-
ratory calibration tests on both types of strain gages yielded
the unit change of resistance vs. temperature for stress~free con-

ditions. In principle, therefore, the strain gage response to
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stress could be obtained by subtracting the stress=free cali-
‘bration response from the response during the test run, at the
same temperature, -Finally, the response due to stress could be
converted to strain from a knowledge of the strain gage factor
at various temperatures.,
The stress*f;ee reaponse of the gages was obtained by
a special lakboratory testing technique. Strain gages were af-
fixed to samples of 356 T-6 aiuminum alloy in precisely the
same manner as they were subsequently affixed to the models.
The samples were piaced into an oven, and simultaneous readings
were taken of the strain gage cutput and temperature. Typical
resujts are shown in Figs. 5 and 6a. Heating rates varied from
0.2 to 0.3 OF/sec. Inasmuch s no constraints were placed on
the samples, }he strain gage output corresponded t¢ the stress-
free recponse of the assembiy as a function of temperature. It
was assumed that this response was independent of the heating
rate.
Reduction of the strain gage data is outiined in the
following steps.
(i) From the wind-tunnel test, strain gage output is
obtained as a function of time.
(2) From thermocouplec embedded in the strain gages
(or instailed near the gage) a temperature-time
history at thé gage i10ocation is obtained.

(3) Combining (1) and (2)., the strain-gage output is



- obtained as a function of temperature..

(4) Subtracting the stress~free strain gage output
from the output (3) at the same temperature yields
tﬁe strain gage output due to stresses. -

(5) From data on the gage factor as a function of
temperature, the strain can be obtained. The
strain as a function of time can of course be
prepared from the original temperature~time his~-

tory at the gage location.

‘It should be noted that the strain data presented is
due to the combination of the external surface loads, and to
thermal stresses arising from temperature variations in the body
and edge constraints.

One final note in connection with the reduction of
strain gage data should be made for the HT-1200 strain gages.
Under conventional conditions of use, the stress—-free response
of these gages over large ranges of temperature change is both
linear and large (Fig. 6a). -A circuit was designed to reduce
this output to the same magnitude as that of the embedded I.C.
thermocouple associated with the gage. Since both of these res—
ponses to temperature change are substantially linear and can be
equally matched by trial, the output of the thermocouple can be
used to balance the simple temperature component of the strain

gage response, resulting in almost zero sensitivity of the gage




to temperéture change. Laboratory stress~free calibration tests

on the HT-1200 strain gages, using the attenuating circuit des-

¢

cribed, are presented in Fig. 6b.
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VI. Presentatibn of Data

In this section, the data obtained on pressure, tem-
perature, strain and ablation is presen£ed in tabular and graph-
ical form; The model geometry, identification numbers, and in-
strumentation for the three aluminum alloy hemispherical nose
cone configurations are shown in Table 1. 1In Table 5 are noted
the.tunnél stagnation temperature and pressure conditions, dura-
tion of test, and remarks on the degree of ablation. It is em-
pﬁasized that tunnel stagnation conditions quoted in the table
are nominal values; wvariation in these conditions with time are
presented in the tabular and graphical data presented for each
model. The instruments on each model are identified by number
and letter symbols. TInstrument location is shown graphically in
figs. l, 2 and 3, and in tabular form, Tables 2; 3, and 4. These
latter tables also present information on the instruments which
were cénnected to recorders, those which failed prior or during
the test, and other pertinent remarks. Model 2, for example, had
more instiuments than available recorders,; and hence a number of-
thermocouples could not be utilized during the test run.

Data. are presented in this section in such a manner
that the same physical quantity is shown in a'group for all three

models.

a. e tagn n diti

- Stagnation pressure and temperature conditions for =




each of the three tests are presented in ?ig.r7 as a function
of time. These data are obtained from a rake mounted ahead of
the tesf section which contains two temperature and two pres-
sure probes (Fig. 4). Two probes of each type ‘are installed on
the rake in case one of the instruments should fail. Unfortu-
nately, both temperature probes were damaged prior to the test
on Model 3, and no stagnation temperature is available for this
test run. The initial heater pressure and temperature for the
test run on Model % approximated those for the test run on Mo-

del 3, and an approximation for Model 3 stagnation temperature

may be taken from the data for Model M.

-
be Pressures

As was mentioned previously, only Model 2 was equipped
with pressure tapso The pressure distribution or aerodynamic
loading had been established on Model 1 and reborted in Refo 2.

It was considered desirable, however, to install a few pressure

taps to double check the previous data. Table 6 gives the pres-

sure data as a function of time., These data are plotted in Fig.
8 as a ratio of the stagnation pressure versus latitude. At
any particular latitude, the plotted pressure ratio is an aver-
age value taken at various times over the entire t;st run., Ma-
ximum deviation froﬁ thié average value was about 12 percent
for pressure tap %, which was recording the lowest pressures.
.
For tge"qﬁbgr p:e;;g:e”tap§ the qorrgqupding‘valgg was % per-

cent, Also shown in Fig. 8 is a curve corresponding to the

x

P




ﬂewtonian appfoximation for,fhe:hemiSphere ihrthe shroud. Ad~r
ditional pressure data abpears in ?igg 22 of Ref. 2. .In sub-

sequent theoretical work, the pressure distribution can be ob-
tained graphically by fairing a curve through the experimental

peints, or by fitting an appropriate function to the test data

by the method of least squares.

ce JTemperatures

Temperature data as a functicn of time is presented
in Tables 7, 8 and 9 for Models 2, 3 and 4, respectively. The
tabulated data gives the time (t) in seconds and the correspon-
ding temperatures (T) in degrees Fahrenheit for all thermo-
couples, including the stagnation temperature. For convenience,
the temperature is also given in the non-dimensional form
('1'S - TV@TS - Ti)’ where the subscripts s and i stand for stag=
nation and initial temperatures, respectively. Also indicated
in these tables is the full scale deflection setting, or sensi-
tivity of the recorders, in degrees Fahrenheit,

In Figse 9 to 13 the thermocouple data have been plot;
ted for selected points on the various models tested. Figs. 9
and 10 give temperature-time histories through the thickness ané
at a fixed .radial position at various points along a meridian

for Model 2. Plots of temperature versus meridional distance for

various fixed times are shown for all models in Figs. 1ll, 12 and

13.

4
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d. Strain Gage Data

Model 2 was equipped with nine HT-600 high tempera-
ture strain gages in the manner already described. Just prior
to the test run a leak occurred in the high pressure water line
which cools the walls of the shroud tube. Although only a small
amount of water collected at the bottom of the tunnel wall, the
combination of high humidity and the hygroscopic nature of the
strain gage cement shorted all the gages to ground. The excess
water was drained off and the model was warmed up to about
250°F several times in an attempt to dry out the cement. This
technique appeared to restore four strain gages to working or-
der. An examination of the records after the test run, however,
showed such erratic behavior that no data are available for
these gages.

A measure of success was achieved in Models 3 and 4
which were equipped with HT-1200 strain gages. The data from
Model 3 were erratic and are not presented. The stress-free un-
biased calibretion curves are shown in Fig. 6a. The response is
essentially linear, with an average slope of 122 X lo-é/oF, The
output of the sensing circuits of the HT-1200 were biased by
means of the signal from the embedded thermocouples. The net ef-
fect was to reduce the stress—free response of the gages to that
of_Fig. 6b. Using the procedure outlined in Section V, the strain

as a function of time was obtained. These results are plotted in




Fig. 14. . Intermediate steps are not shown. At a given tem-
peréture, the strain gage signal S due to stress was converted

to strain through the use of the expression
e = 4S/Ek
where

€ = strain
E = bridge voltage, m.v.
k = gage factor

S = signal due to stress, m.v.

In reducing the data to strain, a constant strain gage
factor of 3.2 was used. This gage factor was the average value
obtained in tests at various temperatures conducted at the Na-
tional Bureau of Standards (NBS Report 6900, Table 2).

It is emphasized that the results discussed above are
tentative; they represent the best response obtained after suc-

cessively better trials.

e, Ablation

A photograph of Mode! 2 pricor to testing is shown in
Fig. 15. Since all three models wers designed to the same ex-—
ternal configuration and constructed of the same material, pre=-
test photographs of Models 3 and 4 would have been identical.

Model 2, the first hemisphere tested, was only mildly

ablated. Photographic views of Model 2 after testing are shown

i
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‘approximately 155 psia and a staénation teﬁperatﬁfeiof about
ll50°F; fhe test duration was 83 seconds. The aluminuﬁ alloy
melted near the stagnation point and resolidified as it was
carried along the model meridians. Along the meridian that con-
tained the pressure taps, the depth of the ablation was more
pronounced, and a greater amount of resolidified material was

in evidence. It was also noted that at time t = 55 seconds,

.

(o] . .
from the stagnation

pressure tap number 3, at an angle /% = 50
point, behaved peculiarly, indicating that molten aluminum had
wholly or partially'obstructed the opening. Examination of
Model 2, after the test, showed that resolidified material had
indeed been deposited on the static tap opening.

Photographic views of Models 3 and 4 are presented in
Figs. 17 and 18, respectively. The extent of ablation of Mo-
del 3 is much more pronounced than on Model 2. On Model 4 the
combination of air loads, high tempera?ure, and ablation resulted

in the formation of a hole which penetrated the entire thickness

at the hemisphere.
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VII., Concluding Remarks

Subsequent models in this test series will have the
instrumentation only on the inner surfaces, to avoid interfer-
ence with the ablation on the heated surface. It is therefore
essential that the temperatures throughout the model be known
as a function of time. From the data obtained on Models 1 and
2, and from theoretical and empirical data available on the
subject, heat transfer coefficients can be established for any
combination of wind tunnel stagnation conditions. Various
heat conduction analyses will then be applied and the resulting
temperature distributions compared with the temperature data
obtained on Models 1 and 2. If satisfactory agreement is ob-
tained, the temperature distributions on all hemispherical nose
cone configurations can be predicted. The data presented in
Ref. 2 and in this report are currently being evaluated to
achieve this objective.

By far the most difficult of the measurements will be
associated with the transient strains. The HT-600 gages in-
stalled on Model 2 do not appear promisings Although no sensible
data were obtained from these gages during the test run on Model
2, this conclusion is based upon the erratic behavior of the
stress—frée laboratory tests conducted on these gages (Fig. 95).

The performance of the HT-1200 gages, however, is considerably

Various techniques of moisture-proofing the gage instal-




Coa

lé't'iohsré‘xv‘e beirﬁg: evaluated to avoid the difficul,ties experienced
in this series of testss A separate report covering the evalua-
tion, installation, performance, and data reduction og the high
temperature strain gages used in this project will be published

in the future.

Measurements of the degree of ablation on the surfaces
have been made; the models have also been sectioned and pre-

’ pared for metallurgica! examinations. This information will be

included in future PIBAL reports.
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JAMLE 1

Model Geometry and Instrumentation

23

External Wall Prossure | Thermo'®| Strain
odel No.|| Matericl Diameter, In.| Thickness, In. Tars Couples Gages
2 7=3/L 1 l 29 | (ur00)
( Cast \ 9
3 Almimm 7=3/l 1 0 2l (HT=1200)
Alloy
356 Tab 1
L ' 73/ 1/2 0 23 (HT-1200)

(a) Includes thermocouples built into the high temperature strain gages.




24

TABLE 2

LOCATION OF INSTRUMENTS

MODEL 2

strument K [ R
Number | Instrumemt | Degrees |Degrees | Inches Remarks

Pel Pressure Tap| 15 225 | 3,875

Pu2 30

P~3 50 Blocked by Ablating

Material After 55 Sec.

Pl 20 \ 4 v
p-S ~ Upsbream' fran Model

1(H) Thermocouple| 15 0 3.875

2(H) 30

3(x) 5

1(8) P

5(H) (£] N/ ¥ Unsatisfactory Junctioq
6(8) 15 30 |3.625

7(B) 30 60

8(B) b5 30

9(B) 60 30
10(B) 7 30 v
11(B) 15 60 3,375
12(8) 30 75
13(3) L5 60
1(B) 60 60 #
15(B) N4 75 60 v




TABLE 2 (Concluded) 25
LOCATION OF INSTRUMENTS

MODEL 2
strument 9 [ R
Number | Instrume:t | Degrees | Degrees| Inches Remarks
16(T) Thermocoiple| 15 90 | 2.875 #
17(1) 30 #
18(1) L5 *
19(1) 60 #
20(I) 75 W
T1(1) 0 0
T2(1) 15 135 Recorder not Operating
After 22 Seconds
T3(I) 15 #*
Th(I) 35
T5(1) 35 #
T6{I) 55
T7(I) v #
T8(1) 315 #*
T9(I) W % 315 *
e3 ] Strain Gage 0 0 (v)
G2 15 135 $ direction (2)
G3 i5 P " (b)
GL 35 8 n (a)
a5 35 ¢ 0 ® (b)
aé 55 8 u (a)
a7 v ) s (a)
a8 35 & " (a)
a9 A \Z ns | V¥ ¢ v (a)
(H) Heated Surface s Not in use = Insufficient number of recorders
() Tomratod Serace (o) Do wmeatsatestany . S




TABLE 3

LOCATION OF INSTRUMENTS

26

MODEL 3
Ingtrument) 9 @ . R
Number ! Instrument Degrees| Degrees: Inches | Remarks
1(1) Strain Gage Thermocouple 0 135 2.875
2 15 (a)
3 ! 15
+
4 35
5 b 3s
6 55 v
7 g 55 135 i
8 v i 55 315 A4
9(1) v/ xr 55 315 2.875 (a)
10(B) Thermocouple i 15 30 3.625
11 i 30 Erratic
12 i a5
13 f;o \' ')
14 |75 30 | 3.625
15 15 €0 3.375
16 30
17 45
18 v 60 W Y
19(B) 75 60 3.375
- 20(1I) 15 90 2.875
2] 30
22 45
23 ¥ 60 V \ A
24(1) \% 75 90 2.875




TABLE 3 {Concluded)

LOCATION OF INSTRUMENTS

27

MODEL 3
Instrument & | R

Number Instrument Degrees ! Deqrees | Inches Remazxks
Gl Strain Gage 0 135 2.875
G2 15 ® Direction
G3 15 g 9 "
G4 35 : P "
G5 35 9 "
G6 55 J ? "
G7 55 135 3 "
G8 55 315 | P " (b)
G9 N 55 315 v 9 " (b)

Heated Surface
Buried Surface
Insulated Surface

P Wamn W o W O N
[o ) TR v ¢ B of
at? Nt st Pes® s

Used to bias output of respective strain gage
Shorted to ground-humidity




LOCATION QF INSTRUMENTS

JABLE 4

MODEL 4

28

Instrument . 4 [

Number Instrument Degrees | Degrees Remarks
1 Strain Gage Thermocouple 0 0 (a)
2 15
3 15
4 30
5 30
6 45
7 45
8 55 4
9 55 0
10 45 180 v/
11 W/ 45 180 (a)

12 Thermocouple 0 270
13 o 90
14 15 270
15 15 90
16 30. 270
17 30 90
18 45 270
19 45 90
20 55 270
21 55 90
22 e 30 180
23 v { { 55 180 | No Record
t

-




TABLE 4 (Concluded

LOCATION OF INSTRUMENTS

MODEL 4

29

Instrument 2 9
Numbexr Instrument Degrees ! Degrees Remarks
Gl Strain Gage 0 0
G2 15 ¢ Direction
G3 15 i *
G4 30 P "
G5 30 4 "
G6 45 P "
G7 45 o "
G8 55 v P "
G9 55 0 9 "
G10 45 180 ) "
Gll A 4 45 180 4 " ‘
All instrumentation on insulated surface; R = 3,375 in.

(a) Used to bias output of respective strain gage.



SUMMARY_OF TUNNEL STAGNATION CON-

TABLE 5

.

DITIONSS

TEST DURATION AND DEGREE

OF ABLATION

Stavnation | Stagnation Duration | Degree
Model || Pressure, Temperature | of Test of
psia* OF Seconads Ablation
2 1% 1150 84 mild
3 155 - 80 severe
4 150 1450 30 very
severe

*
Listed values of stagnation pressure and stagna-
tion temperature are nominal values.,

30



TABLE ¢

PRESSURE.TTME HISTORIES

31

Model 2 Pressure in psia

Seconds|| Py AR AR AR
6 1 | 138 :0.953| 122 0.BUT | 7246 | 0,505 | 16.5| 0,115
12 156 | 140 | 0.960| 124 [0.850 | 74 | 0,506 | 16.3] 0.112
18 148 142 | 0,958] 125 {04843 | 75 | 0.506 | 16,1 0,109
2l 150 Ll | 0,956) 126 {0,838 76 | 0.506 | 15.9| 0.106
30 152 5.5 0:555] 12750839 | 7648 | 0,506 04105
36 15k 115.;“_:;5-2‘ 129 {0,836 | 7746 | 05Ch 0.104
h2 156 149.5| 0,958 | 131 10:839 {79 | 0.506 0,102
48 157 (a) - | 132 10,839 |80 |0.509 00101
5L 158 = | 133 [0.840 | 80,5 | 0509 0.101
60 159 - 1134 |o.8la | (b) - 0.100
66 160 -~ | 13L (0,837 - 0,099}
72 160.5 - |333 ic.827 - 0.0990
78 161 - |130 |0.806 - 0.0986,
83 165 VvV |- - [135 [0.827 | vV - WV | 0.0962
Average P/Pss 0.957 0.836 0.506 0,103

(a) Off scals,

(b) Pressure tap clogged at t = 55 seconds,
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TABLE 7

L e e

TEMPERATURE-TIME HISTORIES

MODEL NO, 2

o ————

“Thermccouple Number

Time Ty | i 2 3 I
Seconds °F | 7(°F) zsj_,i 7(°F) ;—:;% (°F) %—};{ T(°F) ;uz-g-i
0 5] 75| 26000} 75 | 2,000] 75 |1.000| 75 | 1000
1.5 243 | 153 | 2.8332 | 167 | 0,803 ! 152 73,.635 133 | 0,876
3 811 | 2u | o831 | 240 | 04776 | 225 |0.795| 180 | 04857
5 911 | 280 | 0.755| 305 | 0.725| 315 |0.713| 233 | 0.811
10 991 | 15 | 0.628 | Lho | 0,530 | U438 [ 0.60%| 325 | 0.725
1y 1010 | 530 | C.513 | 545 | OMBT| 525 | 0523} 133 | 0.6h2
20 1056 | 620 | 0. 7“ 0430 | 610 | 0.u55 w:) 00561
30 j 2300 | 770 | 0.322 | 760 | 0.332| 732 |0.299| €08 | 0.L80]
Lo 1143 | 880 | 0,245 860 | 0.265 | 828 0,265 | 706 | 0.L09
50 1175 | 963 | 0.193 | 9k8 i 0e2) | 902 oaéz-,a 798 | 04343
60 1197 | 1028 | 0,151 | 1000 | 0,176 | 968 |o0.20h | €70 | 0.291
70 1215 {1080 | C,128 | 1042 | 0.152 {1003 |0.177 | 922 | 0,257
8l 1225 | 1090 | 0,317 | 1060 | 0.126 {1045 |0.156 | 97 | 0.218|
Full Scale|| 1615 | 1500 1500 1500 1500

T, = Initial Temperature, 75°F

Ty = Stagnation Temperatuve, °F



TABLE 7 (Continued)

TEMPERATURE.TIME HISTORIES

MODEL No. 2
(Time . Thermocounle Number
Seconds || T(°F) :::;1 7(°F) ,;::Zl 7(°F) ;-:—;% 7(°F) %;;{
0 75 {1000 | 75 | 1,000} 75 | 1,000 | 75 | 1.000
1.5 120 [0.9Ch | 127 | 0,889 | 136 | 0.870 | 118 | 0.908
3 17h |0.855 | 180 | 0.857 | 191 | 0.8h2 | 150 | 0.898
5 229 1081 | 232 | 0,791 | 2l1 | 0.803 | 198 | 0.852
10 365 |0.683 | 39C | 0,656 | 361 | 04689 | 298 | 0.75H
15 L83 [0c562 | 199 { 0,548 | LT3 | 04575 | 385 | 0.4685
20 583 {0472 | 58k | 079 | 561 | 04506 | L6k ;;251.;
30 B .'rh3 0347 | 723 [ 0.368 | 695 | 0.395 | 588 |0.L98
Lo 8L6 10,278 | 826 | 0,295 | 796 | 0,326 | 692 |0.L422
50 926 10,225 | 908 | 0.242 | 872 | 0,275 | 783 |0.359
&0 992 10,184 | 979 | 0.195 | 932 | 0,237 | 857 |0.305
70 1042 [0.152 |1025 | 0.366 | 981 | 0,206 | S10 |0.268
8l 1079 {0.128 {1057 | 0.1L7 {1032 {0.188 | 960 |0.230
Full Scale||1500 1500 1500 1500




TABLE 7 (Continued)

TEMPERATURE~-TIME HISTORIES

MODEL NO. 2

fime Thermocouple Number —
10 1L 12 13
Seconds T(OF);-:-:—:-{ 7(°F) ;—2-:% 7(°F) ;3:'% 7(°F) ;i—:-;;
0 75 |1.000( 75 | 1.000f 75 [ 1,000 | 75 |1.000
1.5 89 [0.970 | 110 | 0.925| 1311 | 0.923 | 110 | 0.925
3 10k {0a961 | 147 | 0,902 153 | 0.894 | 151 | 0.897
5 127 [0.938| 206 | 0.642| 220 | 0,826 | 212 | 0,834
10 199 | 086k | 3LL | 0.707| 369 | 0,679 | 346 | 0.703]
15 273 | 04788 | L59 | 0,588 | L78 | 0,567 | kL7 | 0.596
2 3k3 | 0727 | 557 | 0.509| 570 | 0.h96 | 528 | 0.529}
30 472 10,613 T15 | 0.376| 726 | 0,375 | 666 | 0.6
10 58l | 0.522 | B3l | 0.290| 826 | 0,297 | 773 | 0.3L6
50 683 | Osll7 | 916 | 0.235| 908 | 0.243 | 857 | 0.269)
60 T6T [ 0e39L | 977 | 0.19T| 972 | 04200 | 922 | 0,247
70 829 | 04338 | 1031 | 0,162 | 1026 | 0,165 | 977 | 0.Z%3
84 888 { 04293 { 1072 | 0,133 | 1063 | 0.1kl {1030 | 0.17Y
Full Scale|| 1500 1500 1500 1500

34



TARLE 7 (Continued)

TEMPERATURE-TIME HISTORIES

MODEL NO. 2
(Time Tharmocouple Number )_L
15 _ 20 TL 2
Seconds || T(°F)] z,:::l T(OF)% -;«i;;; (°F) ::—;1 T(°F) ;:—;%
0 75 {1000 | 75 120001 75 | 140CC| 75 | 1.000
1.5 83 10,983 | 78 | 0,99k | 169 | 0e797 | 90 | 0,958
3 98 | G569 | 89 {0,981 | 234 | 0,784 | 125 | 0.946
5 120 {0945 | 111 | 0,956 | 292 | 04739 | 1TL | 0,885
10 189 [ 06874 | 287 | 0,880 | 1413 | 0.631 | 314 | 0,739
15 261 | 0,801 | 260 | 0,802 | 520 | 0,523 | L33 | 0.6L7
20 330 [ 0.7LO | 331 | 0,740 | 609 | 0,456 | 527 «M:‘s;
30 é 1531 0,631 | LS6 | 0,628 | 758 | 0.335
L0 { 563 | 0,513 | 565 | 0.542 | 878 | 0,218
50 659 [ 0.L70 | 662 | 0.466 | 973 | 0.18L
60 7h0 | 0.407 | 748 | 0,400 {1033 | 0,146
70 806 | 0,359 | 812 | 0.354 {1050 | 0.135
8L 8731 0.306 | 880 ‘0.3—0—0 1081 | 0.126
Full Scals|| 1500 1500 1500 1500




TABLE T (C oncluded)

TEMPERATURE~-TIME HISTORIES

MODEL NO. 2

Time 'I'h;:(:moc le Number
Seconds || T(°F) 41‘3@ (%) | i
T-Ty T =T,
0 75 11,000 75 1 1.600
1.5 i 200 | 0,947 | 93 |0.962
3l 140 | 0,912 | 122 | 0,934
5 199 | 0,853 | 165 |0.895
10 325 | 0,726 | 275 |0.783
15 23 | 0.629 | 362 |0.693
20 £13 | 0.556 | L2 | 0.626
30 6Lh3 | 0.Lh7 | 578 |0.509
Lo 758 | 0.361 | 69 |0.L20)
50 853 | 0,293 | 783 {035
60 922 | 0,245 | 855 |0.305
70 978 | 0,209 | 908 0,270
8L 1016 | 0.185 | 969 |0.222
Full Scale|| 1500 11500

-
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TABLE 8

TEMPERATURE-TIME HISTORIES

MODEL_3

Hi|

Thermocouple Numbgr

Time 1011 12 ' 13 . 1a T 1%
Seconds 1(°F) 1 T(°F) | T(°F) | 1(°F) | T(°F) | T(°F)
0 75 75 75 75 75 i 75
1.5 149 154 ' 165 | 120 85.5| 105
3.0 213 231 | 225 171 105| 158
4,5 278 | 300 290 212 131 220
6.0 239 _i 366 | 345 | 255 158 | 285
7.5 394 418 350 292 180 | 345
9.0 444 ; 465 | 434 | 326 | 210] 398
12.0 530 | 545 504 390 2621 495
15.0 607 é 615 564 | 444 315| 578
18.0 675 % 675 , 615 | 495 | 368 651
21.0 730 % 725 | 668 540 | 413| 710
24.0 780 ; 765 | 713 585 456 | 758
30,0 855 835 784 | 656 533 | 840
36.0 915 | 894 i 846 | 720 605 9CO
42.0 961 944 ? 893 780 667 | 952
48.0 1005 + (2) ; 940 | 830 724j 995
54.0 ' 1040 E % 983 870 776§ 1035
60.0 iloeo i | 1020 | o908 818 | 1060
66.0 [ 1062 ;1050 970 864 | 1065
72.0 1065 | 1065 | 1010 915 | 1070
78.0 1065 é V |1070 | 1035 970 | 1070
80.0 1065 ; 1070 | 1070 °| 1040 970 { 1070
Full Scale| 1500 f 1500 11500 | 1500 . 1500 | 1500




E

TABLE B (Cont'd)

38

ERATURE~TIME HISTORIES
MODEL 3

Thermocouple Number N

Time ™16 1 17 1 18 | 19 T 20 | 21 | 22
seconds | T(°F) ) T(°F) i 1(°F) | T(%F) | 3(°F) | T(°F) | T(°F)
0 |75 75 7% {75 75 75 75
1.5 . | 119 116 111 84 120 115 115
3.0 186 175 153 100 183 180 168
4.5 255 240 185 118 246 247 225
6.0 319 300 240 143 303 315 284
7.5 371 353 ! 278 176 363 366 332
9.0 424 400 316 204 414 419 377
12.0 507 480 | 384 ! 253 502 505 470
15.0 580 547 441 306 579 577 525
18.0 645 607 489 357 649 640 583
21.0 698 675 536 405 709 697 634
24.0 750 730 579 452 760 745 678
30.0 820 770 660 530 835 816 757
36.0 880 834 724 603 894 879 817
42.0 932 884 780 666 945 930 870
48.0 975 935 832 721 950 975 915
54,0 1015 | 968 876 772 | 1025 | 1010 959
60.0 1050 | 1000 908 814 | 1050 | 1050 | 1000
66.0 1060 | 1030 960 854 | 1060 | 1060 | 1025
72.0 1065 | 1050 ] 1005 | 904 | 1065 | 1065 | 1050
78.0 1070 | 1055 | 1030 950 | 1065 | 1070 | 1065
80.0 1072 | 1060 | 1030 954 |1065 | 1070 | 1066
Full Scale { 1500 ' 1500 {1500 | 1500 |1500 | 1500 | 1500




TABLE 8 (Concluded) 39

TEMPERATURE-TIME HISTORIES

MoDEL 3
; ; Thermocouple Number
' Time L 23 24 . 8 0
Seconds CT(°F): 1(%E)  T(°F) ! T(°F)
i 0 75 0 75 4 75 1 78
. 1.5 i ©5.5. 90 g 112 | 99.4
. 3.0 é 115 EA, 1121 158 | 130
4.5 g 172 g 138 i 204 173
{ 6.0 g' 218 é 165 E 248 | 210
7.5 ? 252 1 193 291 | 249
é 9.0 i 285 E 222 ? 325 | 285
| 12.0 | 3o | 273 396 348
| 15.0 - aze | 3241 456 % 405
18.0 i 483 % 375 ? 504 | 457
21.0 520 420 | 350 503
. L i
24.0 | 562 | 460 | 595 | 547
30.0 ' 640 536 | 668 | 626
36.0 717 607 | 735 | 694
42.2 770 670 | 790 | 750
48.0 817 724 1 835 | 802
54.0 8€E B 768 877 £44
6C.0 900 | 814 | 915 | 880
66.0 950 ! 844 ] 955 | 925
72.0 997 | 888 '1000 | 980
78.0 1026 | 930 §104o 1020
80.0 1030 % 940 51040 1020
Full Scale | 1500 ; 1500 11500 | 1500 |

Note: Stagnation temperature data was not obtained due to break
in thermocouple wires.
(a) Erratic in this time interval.
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TABLE 9 (Concluded)

TEMPERATURE-TIME HISTORIES

4]

MODEL 4
:Ib‘érmocouple Number
Time 19 ; 20 : 21 22
5 T-T | o | I.-T | 1 T_-T o T -T
Seconds TOR) | 77 (TCF) 57— 1 TUF) | 5 | TOUF) | 77
S S 1 ] 1 S 1
0 90 | 1.000 ! 90 | 1.000 90 | 1.000 90 | 1.000
= —ie
1.5 213 1 0.871 | 168 | 0.918 | 195 | 0.890 | 218 | 0.866
3 333 | 0.797 | 261 | 0.857 | 290 | 0.833 | 339 | 0.792
4.5 441 | 0.727 | 345 |0.802 | 368 |0.784 | 453 | 0.718
6 525 | 0.670 | 414 | 0.755 | 443 [0.733 | 545 | 0.655
9 659 | 0.573 | 533 |0.667 | 560 [0.647 | 690 | 0.549
12 765 | 0.502 | 623 | 0.607 | 645 |0.590 | 803 | 0.474
15 845 | 0.449 | 705 10.551 | 721 |0.539 | 885 |0.420
18 904 | 0.420 ] 769 |0.512 | 787 10.499 | $55 | 0.378
21 958 | 0.384 | 825 |0.479 | 845 [0.465 |1010 | 0.348
24 1000 | 0.366 | 875 10.453 | 850 |0.443 [1050 |0.331
27 1035 10.339 | 923 [0.417 | 934 |0.410 {1058 |0.323
30 1052 | 0.308 | 995 |0.349 [1000 |0.345 {1065 |0.299
|
Full Scale | 1500 | 11500 11500 | 1500
N i — :
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